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Abstract. We report on the field-aligned irregularities ob-
served in the low-latitude sporadic E-layer (Es) with the
Gadanki (13.5◦ N, 79.2◦ E; geomagnetic latitude 6.3◦ N)
VHF radar. The radar was operated intermittently for 15 days
during the summer months in 1998 and 1999, for both day-
time and nighttime observation. The total observation pe-
riods are 161 h for the nighttime and 68 h for the daytime.
The observations were used to study the percentage of oc-
currence of the E-region echoes for both daytime and night-
time. The statistical characteristics of the mean radial ve-
locity and spectral width are presented for three cases based
on the echo occurrence characteristics and the altitude of ob-
servations (from 90 to 140 km ranges), namely, the lower E-
region daytime (90–110 km), the lower E-region nighttime
(90–105 km) and the upper E-region nighttime (105–140 km)
echoes. The results are compared with that of Piura, a low-
latitude station located at about the same geomagnetic lati-
tude, but to the south of the equator. By comparing the be-
haviors of the lower E-region radar echoes of the summer
months between Gadanki and Piura, we find that the lower
altitude echoes below about 100 km are rarely reported in
Piura but commonly seen in Gadanki. Features of the night-
time echoes observed by these two radars are quite similar
but daytime FAI echoes are again seldom detected by Piura.
Key words. Ionosphere (ionospheric irregularities) – Radio
science (remote sensing, ionospheric physics, instruments
and techniques)
1 Introduction
An interesting investigation of the field-aligned irregulari-
ties (FAI) in the nighttime sporadic-E-layers reported by Ya-
mamoto et al. (1991) with the MU radar (34.9◦ N, 136.1◦ E)
in Japan has revealed one of the most important features in
the mid-latitude ionosphere. By operating the radar with
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600-m range resolution, they found that the FAI displayed
different morphologies when viewed in height-time-intensity
plots. “Quasi-periodic” (QP) echoes were found to oc-
cur during the post-sunset period while “continuous” echoes
were found to occur in the post-sunrise period. Recent re-
ports, however, show that the continuous echoes can occur
throughout the whole night and not just in the post-sunrise
period only (Ogawa et al., 1995, 2002; Patra and Rao, 1999;
Choudhary and Mahajan, 1999).
There are some explanations for the QP echoes that have
so far been proposed to account for these interesting obser-
vations. The first one from Woodman et al. (1991) suggested
that existing sporadic E- (Es-) layers could be modulated
in altitude by a passing atmospheric gravity wave (AGW)
through ion drag along geomagnetic field lines. The sec-
ond was proposed by Tsunoda et al. (1994) and relied on
the electric field and polarization effects. More recently,
Larsen (2000) proposed neutral wind shear instability to ex-
plain the spatial and temporal periodicities associated with
QP echoes. Large wind shear crossing the threshold for shear
instability and the resulting Kelvin-Helmholtz billows could
well be the source of the ionospheric structure manifested
as QP echoes. An intensive effort to obtain more detailed
information associated with sporadic E-layer and QP struc-
tures was the Sporadic E Experiment over Kyushu (SEEK)
carried out in southern Japan in 1996 (see Fukao et al., 1998,
and other papers in that issue). The SEEK II campaign was
also carried out in the summer of 2002 as a follow-up to the
successful SEEK campaign. More extensive observational
programs have now shown a broad range of QP structures
in the Asian (Ogawa et al., 1995, 2002; Pan and Tsunoda,
1999; Patra and Rao, 1999; Pan and Larsen, 2000; Patra et
al., 2002a, b) and European sectors (Haldoupis and Schlegel,
1996), and at several locations in the American sector (Chau
and Woodman, 1999; Tsunoda et al., 1999; Hysell and Bur-
cham, 1999, 2000; Chau et al., 2002).
In contrast to the QP radar echoes, the continuous echoes
first reported by Yamamoto et al. (1991) seem not to have
drawn much attention in the community. A study on the “non
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Fig. 1
Fig. 1. Typical range-time signal-to-noise ratio (SNR) values ob-
tained from the daytime lower E-region irregularities observed on
15 July 1998 (upper panel) and from the nighttime irregularities on
17 July 1998 (lower panel).
Quasi-Periodic” echoes, which revealed that their occurrence
is modulated by a 4.4-day period associated with the plane-
tary waves, was done by Tsunoda et al. (1998). Using the
VHF radar and ionospheric sounders, it is suggested that the
irregularities are closely related to the localized plasma den-
sity gradient within Es-layers (Ogawa et al., 1995, 2002; Lee
et al., 2000). In India, continuous echoes usually exist in
the form of a multi-layer structure and become transformed
into QP echoes (Choudhary and Mahajan, 1999). Kagan et
al. (2000) did a case study and showed that the thermal insta-
bility mechanism proposed by Kagan and Kelly (2000) may
provide a consistent explanation for the continuous echoes.
Further, it has been shown that a neutral wind acting in a
proper sense may assist the electric field in producing irreg-
ularities that are associated with the continuous echoes (Ka-
gan, 2002).
We present the characteristics of the FAI radar echoes ob-
served over Gadanki, India, which is the southern-most sta-
tion, for the QP echo studies in the Asian sector (Krishna
Murthy et al., 1998; Choudhary and Mahajan; 1999; Patra
and Rao, 1999, 2002; Patra et al., 2002a, b). Moreover, given
the similar dip angles over the Gadanki/India radar and the
Piura/Peru radar (Chau and Woodman, 1999; Woodman et
al., 1999; Chau et al., 2002), it provides an opportunity to
compare two low-latitude stations located at about the same
geomagnetic latitude, but on either side of the geographic
equator.
2 Experimental setup and data processing
The MST radar at Gadanki is a coherent pulse Doppler radar
operating at 53 MHz with a peak power aperture product
of 3×1010 Wm2. The antenna system occupying an area of
130 m×130 m is a phased array of 32×32 three element Yagi
antennas consisting of two orthogonal sets, one for each po-
larization (magnetic EW and NS). It generates a radiation
pattern with a main beam of 2.8◦ (half-power full-width), a
gain of 36 dB and a first sidelobe level of −20 dB. The main
beam can be positioned at any look angle within ±20◦ off
zenith in two principal planes. A detailed description of the
Gadanki radar can be found in Rao et al. (1995).
We operated the radar on the nights (18:00 to 06:00 LT) of
17–20 June, 15–18 July, and 19–22 August during 1998; on
the nights of 5–12 August and 16–19 August during 1999.
On the other hand, daytime (09:00 to 18:00 LT) observa-
tions were carried out on 15–18 June, 13–16 July, and 17–20
August during 1998.
The magnetic declination of Gadanki is 2◦ west of north.
The antenna array is aligned along the geomagnetic north-
south direction, to enable ionospheric FAI studies by point-
ing the beam perpendicular to the field in the magnetic merid-
ian plane. To detect the coherent backscatter from the E-
region irregularities, the radar beam is oriented at 13.2◦
zenith angle due magnetic north, which satisfies the field per-
pendicularity condition at that height region. The observa-
tion range was from 90 to 140 km to cover the interesting
low altitude QP (LQP) echoes and the normal QP echoes at
higher altitudes. The range resolution is 600 m, the time reso-
lution is 15 s (2.5 s for single spectrum including processing
time), the Doppler velocity window extends over −354 to
354 m/s and its resolution is 5.5 m/s. The spectral moments,
providing information on the total signal power, weighted
mean Doppler velocity and spectral width, are computed us-
ing the expressions given by Woodman (1985).
3 Data presentation
By summarizing the main results of the earlier observations
by the Gadanki radar we find that: (1) QP echoes appeared
during most of the nighttime from altitudes between 102 and
116 km, (2) the Low-altitude QP (LQP) echoes occurred both
during daytime and nighttime and are confined to a slowly
descending layer with a thickness of about 2–4 km in the
height range of 90–100 km, and (3) two to three layered
structures of continuous nature existed during both daytime
and nighttime (Krishna Murthy et al., 1998; Choudhary and
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Fig. 2Fig. 2. The occurrence percentage of the daytime (09:00–18:00 LT)
E-region FAI echoes with a minimum of −6 dB SNR level and
15 min×1.2 km time-range resolution bin.
Mahajan; 1999; Patra and Rao, 1999; Pan and Rao; 2002;
Patra et al., 2002a, b).
To show the morphological characteristics of the field-
aligned E-layer irregularities over Gadanki, we present sta-
tistical results of the radar echoes obtained with a 15-day
data set gathered in 1998 and 1999. Observations have been
made for both daytime (09:00 to 18:00 LT), as well as night-
time (18:00 to 06:00 LT), and the results are presented from
a statistical study.
Figure 1 shows the range-time signal-to-noise ratio (SNR)
values obtained from the daytime lower E-region irregular-
ities observed on 15 July 1998 (upper panel) and from the
nighttime irregularities on 17 July 1998 (lower panel). In this
particular example, both types of E-region echoes, namely,
QP and continuous types of echoes are noted. For the day-
time echoes, the continuous type lower E-region echoes, cen-
tered at the range of about 95 km, from 08:50 to 10:00 LT,
are seen. On the other hand, QP type E-region echoes are
observed at about 98 to 100 km range.
For the nighttime E-region echoes, similar features as
those presented by Krishna Murthy et al. (1998), Choud-
hary and Mahajan (1999) and Patra and Rao (1999) are
found. Most of the QP radar echoes are centered at about
the 110–115 km range. Lower altitude QP radar echoes are
found at ranges below 100 km (Urbina et al., 2000; Pan and
Rao, 2002). Continuous types of echoes are found from
24:00 to 03:00 LT at ranges between 95 and 115 km in a de-
scending trend. Those continuous echoes observed at this
region show type-II echo features from the spectral analy-
sis which are suggested to have been caused by the gradient-
drift instabilities (Yamamoto et al., 1991; Ogawa et al., 1995;
2002; Choudhary and Mahajan, 1999). Recently, an alter-
native mechanism is proposed by Kagan and Kelly (2000)
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Fig. 3Fig. 3. The occurrence percentage of the nighttime (18:00 to
06:00 LT) E-region FAI echoes with a minimum of −6 dB SNR
level and 15 min×1.2 km time-range resolution bin.
and Kagan (2002) that type–II echoes may also be associated
with thermal instability. For this 15-day data set, continuous
echoes occurred frequently with the form of a descending
multi-layer.
By using the range-time SNR plot of the 15-day data set,
after removing the short-lived (few seconds at fixed ranges)
meteor echoes manually, the information of the percentage
of occurrence is derived. Figures 2 and 3 show the percent-
age of occurrence of E-region FAI echoes for daytime and
nighttime, respectively. The threshold value of the signal-
to-noise ratio is −6 dB. To make the statistical results more
smooth, but without losing the general features, the outputs
of the range-time signal-to-noise ratio are further averaged to
make the 15 min×1.2 km time-range resolution bin.
Since the continuous and QP echoes are present simulta-
neously and become mixed in different ranges in the day-to-
day observations, we do not distinguish them in the occur-
rence statistics given in Figs. 2 and 3. As we can see from
Fig. 2, most of the daytime E-region echoes appear at the
ranges below 105 km and there is no echo detected above
the range of 110 km. Since these irregularities present the
QP (the so-called LQP echoes) and the continuous features,
we further separate them into two categories. For the day-
time LQP echoes, the percentage of occurrence is about 70%,
where 63% of them occurred at the ranges between 98 and
100 km and 34% at 95 to 97 km range. The periods of the
daytime LQP echoes are confined to the range of 1 to 5 min
with dominant occurrence around 2 min. Both the QP and
continuous echoes are confined in the layered structures that
are almost horizontally stratified. By examining Figure 2, we
find that the occurrences of the noontime (11:00 to 14:00 LT)
E-region echoes are less than at the other times, and based on
the 15 days of statistics the daytime LQP echoes are found to
be a rather common phenomenon.
Figure 3 is the percentage of occurrence of the nighttime
E-region FAI echoes during the 18:00 to 06:00 LT period. We
notice that there are two regions with significant occurrence
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Fig. 4. The histograms of the mean radial velocity of the echoes for three categories: (left) daytime FAI echoes at 90–110 km range, (central)
nighttime FAI echoes at 90 to 105 km range, and (right) nighttime FAI echoes at 105 to 140 km range.
percentage: one below the 105 km range that is similar to the
daytime echoes and the other between 105 to 120 km ranges.
By examining the range-time SNR plot of the 15-day data set
(not shown here), we find that more than 90% of the upper
region (105 to 120 km ranges) echoes are continuous type
echoes, since no periodical feature can be discerned from the
layered structures. While less than 10% of the echoes present
QP features, the spectral characteristics of the QP echoes ob-
served in the upper region are similar to those observed by
other radars (Yamamoto et al, 1991; Pan and Tsunoda, 1999;
Tsunoda et al., 1999). The maximum occurrence time in-
terval of these nighttime FAI echoes is between 23:00 and
05:00 LT. The SNR values of the nighttime echoes are not
much different from that of the daytime, being less only by
about 1 to 2 dB.
The lower region (below about 105 km range) echoes con-
sist of QP (known as LQP) and continuous features just like
those observed in the daytime echoes. We find that 45%
of the observed echoes are characterized by QP features
that correspond to the nighttime LQP echoes (Pan and Rao,
2002). The occurrence ranges of the nighttime LQP echoes
are slightly lower than that of the daytime LQP echoes. We
note that 57% of them appeared between 95 and 97 km, 24%
between 92 and 94 km and 13% occurred at other ranges.
The periodicities are similar to those of the daytime LQP
echoes and the majority of them are found to be around
2 min. Unlike the horizontally confined layers of the day-
time LQP echoes, most of the nighttime LQP layers showed
a significant descending rate of about 1.5 km/h.
Since the QP and the continuous types of echoes present
Type II spectral features, we do not separately classify them
in the following studies. Figure 4 presents the histograms
of the mean radial velocity of the FAI echoes for three cat-
egories according to the observation ranges: (left) daytime
echoes at 90–110 km range, (central) nighttime echoes at
90 to 105 km range, and (right) nighttime echoes at 105 to
140 km range. We notice from Fig. 4 that the ranges of val-
ues become wider as one moves from the left plot to the right
plot. The mean radial velocities at the lower E-region vary
between −30 and +30 m/s for daytime and −50 to +50 m/s
during nighttime, and the values may vary from −100 to
+100 m/s in the nighttime upper E-region. Furthermore, the
mean radial velocities of the lower E-region echoes are close
to zero for both daytime and nighttime but a small downward
velocity is noticed in the upper E-region.
Figure 5 shows the histograms of the spectral widths for
the same regions as in Fig. 4. It is clearly shown in Fig. 5
that the daytime and the nighttime echoes (for both upper
and lower regions) present different distributions. The mean
spectral widths in the daytime lower E-region present a bell-
shaped distribution with a mean value of about 30 m/s. On
the other hand, nighttime echoes are asymmetric and are
wider than those detected in the daytime. The majority of
the spectral widths in the lower region are narrower (about
50 to 60 m/s) than that observed in the upper region (about
70 m/s).
4 Summary and discussions
Although the data collected by the Gadanki radar are limited
to the summer months and to the observation range of 90 to
140 km only, it is still interesting to compare the behaviors of
the E-region radar echoes between Gadanki and Piura (Chau
and Woodman, 1999; Woodman et al., 1999; Chau et al.,
2002). Over all, the following characteristics of the E-region
FAI observed by the Gadanki radar based on this data set are
noted:
1. There are two echoing regions: the lower region be-
tween 90 and 100 km ranges and the upper region be-
tween 105 and 120 km ranges.
2. Echoes observed in both the upper and lower regions are
similar to type 2 echoes reported by other radars in the
mid-latitudes.
3. Echoes of the lower region may occur in daytime as
well as in nighttime. Although there is an observation
C. J. Pan and P. B. Rao: Field-aligned E-layer irregularities observed by the Gadanki VHF radar 3803
16
Fig. 4
Fig. 5
Fig. 5. The histograms of the spectral widths of the echoes for three categories: (left) daytime FAI echoes at 90–110 km range, (central)
nighttime FAI echoes at 90 to 105 km range, and (right) nighttime FAI echoes at 105 to 140 km range.
break between 06:00 and 09:00 LT, noontime (11:00 to
14:00 LT) seems to be the minimum period of occur-
rence. The QP echoes that are commonly detected at
the lower region, regardless of whether it is daytime or
nighttime, are the so-called “LQP echoes”.
4. The spectral characteristics of the lower region echoes
differ from daytime to nighttime. The Doppler ve-
locities are more variable and the spectral widths are
broader and asymmetric in the nighttime in contrast to
the daytime.
5. Unlike the values close to zero of the mean radial ve-
locities of the lower E-region echoes, a small downward
mean velocity is noticed in the upper E-region. Both the
mean Doppler velocities and the spectral widths in the
upper E-region are found to be larger than those of the
lower E-region.
6. The upper region echoes appeared only in the night-
time with maximum occurrence between 23:00 and
05:00 LT. Typical QP echoes detected here are similar
to those observed at mid-latitudes.
Chau and Woodman (1999) have studied the latitudinal
differences of the QP echoes and Woodman et al. (1999)
and Chau et al. (2002) presented the morphological features
observed by the Piura radar. It is interesting to compare
the longitudinal features of the FAI/QP echoes observed by
the Gadanki and Piura radars. The geomagnetic latitudes of
these two radars are ∼6.3◦ and ∼7.5◦ north, respectively, al-
though the two systems are located on either side of the ge-
ographic equator. Both radars are pointing northward to be
perpendicular to the geomagnetic field line (12.5◦ and 13.9◦
Dip angle, respectively) in the E-region at around 100 km al-
titude.
Here we compare the FAI/QP echo features reported by
the Gadanki and Piura radars (Chau and Woodman, 1999;
Woodman et al., 1999; Chau et al., 2002):
1. The percentage of occurrence of the nighttime echoes
observed by the two radars is found to be quite similar.
2. Daytime FAI/LQP echoes are commonly present in the
lower E-region at Gadanki, but have not been reported
by Piura.
3. The spectral characteristics of the nighttime echoes are
very similar, as seen by the two radars. It may also
be noted that in the upper E-region both the radars
observed a slightly downward mean radial velocity of
about the same magnitude (∼7 m/s).
4. The two radars commonly detect two to three thin-
layered structures of 3–5 km thickness in the lower E-
region.
5. The QP echoes reported by the two radars are character-
ized by similar features as regard to periodicity, occur-
rence height and range rate, etc.
5 Concluding remarks
By using the 15-day data set gathered during the summers of
1998 and 1999, we present the morphological features of the
E-region FAI observed by the Gadanki radar. We also com-
pare the features of the FAI echoes observed by the Gadanki
and Piura radars, since the geomagnetic latitudes of these two
radars are close, even though they are located on either side
of the geographic equator.
Although the general morphological features and spectral
characteristics are very similar for the FAI echoes observed
by the two radars, LQP echoes are rarely reported by the
Piura radar, regardless of whether it is daytime or night-
time. Since the LQP echoes usually occur at altitudes below
100 km, it is suggested that the neutral winds may play a role
in the mechanism of their generation. The neutral wind fields
associated with the atmospheric circulation would be dis-
tinctly different for Gadanki and Piura, the two stations hav-
ing been located on opposite sides of the equator. It would,
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therefore, be quite interesting to take up a detailed study on
how the neutral winds affect the E-region FAI in generating
the LQP echoes, using coordinated radar observations over
the two stations.
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